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ABSTRACT A class of antibacterials has been discovered
that inhibits the growth of Gram-positive pathogenic bacteria.
RWJ-49815, a representative of a family of hydrophobic
tyramines, in addition to being a potent bactericidal Gram-
positive antibacterial, inhibits the autophosphorylation of
kinase A of the KinA::Spo0F two-component signal transduc-
tion system in vitro. Analogs of RWJ-49815 vary greatly in their
ability to inhibit growth of bacteria and this ability correlates
directly with their activity as kinase A inhibitors. Compared
with the potent quinolone, ciprof loxacin, RWJ-49815 exhibits
reduced resistance emergence in a laboratory passage exper-
iment. Inhibition of the histidine protein kinase::response
regulator two-component signal transduction pathways may
present an opportunity to depress chromosomal resistance
emergence by targeting multiple proteins with a single inhib-
itor in a single bacterium. Such inhibitors may represent a
class of antibacterials that potentially may represent a break-
through in antibacterial therapy.

Infectious disease is the number one cause of mortality in the
world despite the armamentarium of antibacterial agents
developed over the last half century. Bacterial strains have
evolved during this time that are recalcitrant to our best efforts
to destroy them, and they have begun to compromise the
treatment of infectious disease particularly in the hospital
setting. Resistance to antibacterials takes many forms and is a
probable consequence of widespread use and misuse of anti-
biotics. Thus, the search for new antibacterials directed toward
new targets is not only a continuous process but also, at this
time, an urgent necessity.

Discovery of new antibacterial agents has met with limited
success in recent years (1) with some noteworthy exceptions
still in the early stage of development such as the oxazolidi-
nones (2–5), glycylcyclines (6–8), and the lipid A deacetylase
inhibitors (9). Most of these compounds inhibit processes that
are known to be essential for bacterial cell viability, e.g.,
translation or outer membrane assembly. Few attempts have
been made to specifically target the mechanisms by which
pathogenic bacteria establish an infection within the host. In
particular, the inhibition of expression of bacterial virulence
factors offers an opportunity for specific intervention at the
level of host invasion through biochemical processes, which are
clearly unique to the bacterial cell (10).

It is now clear that virulence is an adaptive genetic response
requiring the induction of genes coding for virulence factors
(11–13). This response implies that the infectious agent must
be able to sense when it is in position to invade. Much of this

environmental sensing occurs through two-component signal
transduction systems employing a common phosphorylation-
dependent mechanism of signal transduction that appears
nearly ubiquitous in bacteria (14, 15). Such systems also are
found in some lower eukaryotes (16–19) and plants (20). All
two-component signaling pathways consist of at least a histi-
dine protein kinase and a response regulator. The kinase
autophosphorylates on a histidine residue, and this phosphoryl
group is transferred to an aspartate on its cognate response
regulator (Fig. 1). The level of signal response is related to the
phosphorylation level of the response regulator, and this is
controlled by signal-mediated stimulation of the autophos-
phorylation or phosphatase activities of the kinase. In addi-
tion, phosphatases specific for the response regulator may
control the system (21). Four features in particular make the
two-component family attractive as a potential target for
antimicrobials: (i) Significant homology is shared among ki-
nase and response regulator proteins of different genera of
bacteria, particularly in those amino acid residues located near
active sites (15); (ii) pathogenic bacteria use two-component
signal transduction to regulate expression of essential viru-
lence factors that are required for survival inside the host
(22–24); (iii) bacteria contain many two-component systems,
and some of them are essential for viability (25, 26), and (iv)
signal transduction in mammals occurs by a different mecha-
nism.

Despite the recognition of the essential nature of two-
component transduction systems for bacterial survival within
the host, few inhibitors of these systems have been described
to date. Roychoudhury et al. (27) reported the discovery of
inhibitors of the two-component system regulating expression
of the alginate capsule in Pseudomonas aeruginosa. One goal
of that effort was to identify inhibitors that could be used as
adjunct therapy with a bactericidal agent in cystic fibrosis
patients by rendering the bacterium susceptible to both the
antimicrobial and the defenses of the host. However, these
inhibitors did not inhibit bacterial cell growth at concentra-
tions as high as 50 mgyml when used alone. This report
describes the series of inhibitors designed to inhibit two-
component systems that are bactericidal against several genera
of Gram-positive bacteria.

MATERIALS AND METHODS

Bacteria. Most bacteria used in this study were obtained
from the American Type Culture Collection (ATCC). OC3047
was provided by M. Inouye (Robert Wood Johnson Medical
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School, Piscataway, NJ). Other bacteria were clinical isolates
(OC).

Resistance Emergence. RWJ-49815 and ciprofloxacin were
compared for in vitro selection of high level resistance by
serially exposing methicillin-resistant Staphylococcus aureus
(MRSA) strains to increasing concentrations of agent. Ten
clinical MRSA strains were grown overnight in cation-adjusted
Mueller–Hinton broth, and the turbidity of the overnight
culture was adjusted to the Kirby–Bauer standard ('1 3 108

cfuyml). Samples of the cultures (100 ml) were spread onto the
surface of three Mueller–Hinton agar plates containing anti-
biotic concentrations of twofold below the minimal inhibitory
concentration (MIC), at the MIC, and two-fold above the
MIC, respectively. After a 48-h incubation at 35°C, discrete
colonies from plates containing the highest concentration of
RWJ-49815 were grown as described above and were passaged
onto agar plates with increasing concentrations of agent. The
number of colonies at each concentration was recorded for
each passage.

Biochemical Assay. Autophosphorylation and its inhibition
were measured using the KinA kinase of Bacillus subtilis (28).
The biochemical assay to measure the inhibition of transfer of
phosphate from ATP to KinA contained 0.5 mM KinA in a
150-mM Tris buffer, pH 8.0. The enzyme was incubated with
varying concentrations of inhibitor and radiolabeled ATP
(37.5 mCi; 1 Ci 5 37 GBq) was added to initiate phosphory-
lation. Phosphorylated products then were separated by using
polyacrylamide gel electrophoresis and quantitated with a
phosphoimager. The percentage of inhibition was calculated
from the intensity of each KinA;P band after subtraction of
the background.

Time Kill Experiments. In vitro time kill tests were per-
formed to study the bactericidal activity of kinase inhibitors
over time. S. aureus OC2089 strain was grown overnight in the
Mueller–Hinton broth at 35°C. The overnight culture was
diluted in prewarmed Mueller–Hinton broth and incubated in

a 35°C-shaking water bath (100 rpm) until the bacteria
achieved log phase. This culture was aliquoted into sterile
flasks containing RWJ-49815 or levofloxacin at one or four
times MIC. These flasks plus a growth control f lask without
inhibitor were placed into the shaking water bath. Viable cell
counts were performed initially and after 2, 4, 6, 24, and 48 h.
Plated cultures were incubated at 35°C, and the number of
colony-forming units per milliliter was determined.

Taz Assay. This assay is a secondary whole cell assay
measuring the EnvZyOmpR two-component system that reg-
ulates response to osmotic pressure in Escherichia coli. In the
modified system, the histidine kinase is a chimeric molecule in
which the signal receptor region of the EnvZ has been replaced
by the corresponding region of the Tar protein (chemoreceptor
for aspartate) (29). As a result, aspartate-stimulated autophos-
phorylation of the Tar-1:EnvZ (Taz-1) chimera leads to phos-
phorylation of OmpR and activation of transcription of the
ompC promoter, which can be measured by assay of b-galac-
tosidase from a lacZ gene fused to ompC. The E. coli strain
OC3047 is a transformant of RU1012 f(ompC-lacZ)
DenvZ::Kmr containing a plasmid encoding for Taz-1. At t 5
0 h, aspartate (to 3 mM) and varying concentrations of
RWJ-49815 were added to a 96-well microtiter plate contain-
ing OC3047 cells growing exponentially in minimal A medium
(1) supplemented with 32 mg of polymyxin B nonapeptide/ml.
Growth was monitored at 0.5-h intervals by reading the optical
density at 600 nm in a microtiter plate reader. To determine
levels of b-galactosidase, induction samples were removed at
t 5 0 and t 5 2.25 h, diluted into Z-buffer, lysed by toluene,
and assayed in the presence of O-nitrophenyl-b-D-galactoside
(30, 31).

RESULTS

Inhibition of KinA Autophosphorylation and Bacterial
Growth by RWJ-49815. To screen our chemical inventory for
inhibitors of two-component systems, we used the KinA kinase
and the Spo0F response regulator, which are involved in
regulation of sporulation in Bacillus subtilis as a model bio-
chemical assay system (32). Compounds were discovered that
selectively inhibited the in vitro autophosphorylation of KinA
with [g232P] ATP. The percent of inhibition of radiolabel
incorporated into KinA, forming KinA-phosphate, was quan-
tified. One compound, RWJ-49815, was found to virtually
inhibit the incorporation of phosphate from ATP into KinA at
4.0 mM (Fig. 2), with a one-half maximal inhibitory concen-
tration (IC50) of 1.6 mM. Kinetic analyses revealed that RWJ-
49815 was competitive with ATP (data not shown).

FIG. 1. Two-component signal transduction in pathogenesis. Sig-
nals (external stimuli) residing in the host environment are recognized
by the bacterium and stimulate the histidine protein kinase(s) to
autophosphorylate (shown in the schematic as the bracketed HPK-P).
Each phosphorylated histidine protein kinase (HPK) is mated to a
specific response regulator (RR) to which it initiates phosphoryl
transfer. Phosphorylation of the response regulator (RR-P) relieves
inhibition of its transcriptional activation properties resulting in tran-
scription and expression of the genes that it controls.

FIG. 2. Inhibition of kinase A autophosphorylation by RWJ-49815.
Results are expressed as percent of KinA;P formed in the absence of
inhibitor.
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RWJ-49815 is a substituted phenethylguanidine, one of a
series of hydrophobic tyramine derivatives (Fig. 3). The com-
pound had antibacterial activity in Gram-positive bacteria with
MIC values of 1–2 mgyml (Table 1). Most importantly, RWJ-
49815 inhibited growth of MRSA, vancomycin-resistant En-
terococcus faecium, and penicillin-resistant Streptococcus pneu-
moniae. These pathogens are particularly difficult to treat
clinically and can be lethal when untreated. The growth of drug
susceptible strains, like S. aureus strain 29213, was inhibited by
RWJ-49815 at similar concentrations as resistant strains, like
methicillin-resistant S. aureus strain OC2089 (Table 1). RWJ-
49815 did not inhibit the Gram-negative species E. coli, P.
aeruginosa, or Klebsiella pneumoniae (MICs of .128 mgyml).
However, polymyxin B nonapeptide-treated E. coli (33) were
highly sensitive to RWJ-49815 (MICs of 1–2 mgyml, data not
shown), suggesting that the outer membrane of Gram-negative
bacteria is a barrier to penetration of the compound into the
cells.

The antibacterial activity of RWJ-49815 is bactericidal (Fig.
4A) against methicillin-resistant S. aureus OC2089. Killing is
rapid at one to four times the MIC, and regrowth is suppressed
for at least 48 h at one to four times the MIC. Although there

is some regrowth of bacteria at 48 h for a single MIC drug
treatment, the compound is still inhibitory with '1.5-logs
killing after 48 h. In fact, the activity of RWJ-49815 compared
favorably with the bactericidal quinolone levofloxacin, against
methicillin-resistant S. aureus OC2878 at two times the MIC
(Fig. 4B).

Inhibitory Activity of RWJ-49815 Derivatives. Several hy-
drophobic tyramine derivatives of RWJ-49815 have been
synthesized to better define the structural basis for inhibition
(Fig. 3). Analogs containing the diphenyl moiety in place of the
triphenylmethyl moiety exhibited a 10-fold lower potency than
RWJ-49815 in the KinA assay (RWJ-49640; IC50 5 20 mM),
and antibacterial activity against enterococci and streptococci
pathogens was decreased (Table 1). Compounds in which the
highly basic guanidine functionality was replaced by a primary
amine also were slightly less potent in the enzyme assay
(RWJ-49619; IC50 of 14 mM), with a zero to eightfold increase
in MIC values (Table 1). However, replacement of the gua-
nidine moiety with nonbasic functionalities, such as thiourea,
yielded analogs (RWJ-60953) that essentially were devoid of
activity in the biochemical assay (IC50 of .500 mM) and
antibacterial activity (Table 1), thereby establishing the im-
portance of the basic group.

FIG. 3. Structures of RWJ-49815 and analogs.

Table 1. Minimal inhibitory concentrations of RWJ-49815 and analogs against
Gram-positive bacteria

Minimal inhibitory concentrations,* mgyml

Test organism RWJ-49815† RWJ-49619 RWJ-49640 RWJ-60953

S. aureus ATTC 29213 1 4 4 16
S. aureus ATTC 6538 2 2 1 .32
S. aureus OC667 (MR) 2 2 2 .32
S. aureus OC2089 (MR) 2 2 1 .32
S. epidermidis OC2603 2 2 2 .32
E. faecalis ATCC 29212 2 4 8 .32
E. faecalis OC3041 2 4 8 .32
E. faecium OC3312 (VanR) 1 4 8 .32
S. pneumoniae OC3570 (PenS) 2 16 8 .32
S. pneumoniae OC3561 (PenI) 2 8 4 .32
S. pneumoniae OC3035 (PenR) 1 8 4 .32

*Stock solutions of the compounds were prepared in dimethyl sulfoxide at 2.56 mgyml and MICs were
determined with the broth micro-dilution method as described by the National Committee for Clinical
Laboratory Standards (1994) Methods for dilution antimicrobial susceptibility tests for bacteria that grow
aerobically.

†Molecular weights of compounds: RWJ-49815, 449; RWJ-49619, 407; RWJ-49640, 373; RWJ-60953, 466.
MR, methicillin-resistant; VanR, vancomycin-resistant; PenS, penicillin-sensitive; PenI, intermediate
penicillin-resistant; PenR, penicillin-resistant.
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Two lines of evidence suggest that the observed growth
inhibition by hydrophobic tyramine derivatives (as well as
those of related compounds in the same series) is a primary
consequence of their inhibition of one or more two-component
systems. First, there was a direct correlation between the
activity of these compounds against the kinase A target and
their ability to inhibit growth of S. aureus (Fig. 5). Second, in
a whole cell E. coli assay, RWJ-49815 showed a concentration-
dependent inhibition of Taz-1 that extended to concentrations
of the drug at which no effect on growth rate is apparent (Fig.
6). The Taz-1 system is a modification of the EnvZyOmpR
signal transduction pair, which normally is involved in the
response of E. coli to changes in osmolarity by modifying the

levels of the porins OmpC and OmpF. In this system, the
kinase is a chimeric molecule in which the signal receptor
region of EnvZ has been replaced with the corresponding
region of the Tar protein (chemoreceptor for aspartate) (29,
30). As a result, aspartate stimulates Taz-1 to phosphorylate
OmpR and the signal transduction effects can be monitored
through the changes in expression of an ompC-lacZ gene
fusion. RWJ-49815 inhibited both bacterial growth and
OmpR-dependent inducibility of the reporter gene in a con-
centration-dependent manner (Fig. 6). However, the inhibi-
tory effects of RWJ-49815 on inducibility of the reporter gene
were stronger and precede those of the inhibitory effect of
drugs on growth rate. Whereas the effects on growth rate first
become apparent at 8 mM (Fig. 6A), there was already a small
but distinct inhibition of the OmpR-dependent inducibility of
the reporter gene at RWJ-49815 concentrations #4 mM (Fig.
6B). The effects of RWJ-49815 on OmpR clearly preceded
those on growth rate and suggested a causal relationship.

Resistance Emergence to RWJ-49815. In vitro resistance
emergence experiments have been conducted in which 10
independent clinical strains of methicillin-resistant S. aureus
grown in broth overnight were spread onto the surface of agar
plates containing twofold serial dilutions of test agents [RWJ-
49815 and ciprofloxacin (a quinolone)]. Viable bacteria se-
lected from colonies on agar plates containing the highest drug
concentration were passaged on solid medium, which con-
tained increasing concentrations of RWJ-49815 or ciprofloxa-
cin. After five passages, both the number of colonies and the

FIG. 4. Antibacterial activity of RWJ-49815 against MRSA. (A)
Time kill curve of RWJ-49815 against MRSA OC2089 at one times and
four times MIC. (■) Drug-free control; (l) RWJ-49815 one times
MIC; (F) RWJ-49815 four times MIC. (B) Time kill curve RWJ-49815
against MRSA OC2878 with a control drug, levofloxacin. The dotted
line indicates the limit of detection of bacterial counts. (■) Drug-free
control; (l) Levofloxacin two times MIC; (F) RWJ-49815 two times
MIC.

FIG. 5. Correlation of antibacterial activity of RWJ-49815 with
enzyme inhibition. The 18 tyramine derivatives (E), including the four
identified by structures in this report (F), are plotted on log scales,
comparing the target-based inhibition of activity (IC50s) vs. the MICs
against MRSA strain OC2089.

Table 2. Resistance emergence of methicillin-resistant S. aureus strains to RWJ-49815
and ciprofloxacin

RWJ-49815 Ciprofloxacin

S. aureus strain
MIC initial,

mgyml
Increase in MIC

after passage (fold)
MIC initial,

mgyml
Increase in MIC

after passage (fold)

OC667 4 2 0.5 4
OC2080 0.5 8 0.5 8
OC2083 2 2 0.5 4
OC2843 2 2 0.5 32
OC2878 0.5 8 0.25 32
OC2882 4 2 0.5 64
OC2997 4 2 0.5 32
OC2891 4 2 0.5 32
OC2898 0.5 4 0.25 64
OC2900 0.5 4 0.25 8

MIC, minimal inhibitory concentration.
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fold increase in MIC for selection was less for RWJ-49815
(zero to 16-fold increase) than for ciprofloxacin (eight to
256-fold).

DISCUSSION

It is now well established that two-component signal trans-
duction systems are essential components of the virulence
mechanisms of a wide variety of bacterial pathogens (22).
Mutation of the virulence genes including the two-component
sensing mechanism has serious consequences for the estab-
lishment and progression of an infection. The proteins of
two-component systems are highly homologous to each other
across Gram-positive and Gram-negative species, and they
represent the only common feature of the virulence mecha-
nisms of a variety of pathogens. Because of these features, such
signal transduction systems may be viewed as an attractive
target for anti-infective intervention (34). Because most vir-
ulence mechanisms and two-component systems are not found
to be essential for growth in laboratory media, a contrary
viewpoint has remained rooted in the minds of some putative
experts. However, recently, research in Caulobacter crescentus
has established that two-component signal transduction sys-

tems are involved in the regulation of DNA replication and the
cell cycle and are essential for viability (25, 26). Growth
essential systems also have been found in Bacillus subtilis and
other Gram-positive species (C. Fabret and J.A.H., unpub-
lished data). Genome sequencing of B. subtilis has revealed at
least 35 two-component systems (35), and E. coli probably
contains about the same number (36). A broad-spectrum
inhibitor of these systems is likely to have viability and
virulence consequences. Genome sequencing of pathogens
such as Haemophilus influenzae, Borrelia burgdorferi, or Myco-
plasma genitalium, however, revealed few, if any, genes coding
for two-component-signaling systems (37–39). The small ge-
nome and limited metabolic capacities of the latter two
organisms suggests that they have little need or ability to
respond to their environment by regulating gene expression.
Regardless of the reasons, two-component system inhibitors
therefore are not likely to be bactericidal to this limited
subgroup of pathogens.

The compounds described in this communication were
bactericidal to Gram-positive microorganisms, even pathogens
that are particularly difficult to treat clinically. They were
ineffective on Gram-negative microorganisms unless the or-
ganisms were treated with a membrane-permeabilizing com-
pound suggesting that the outer membrane of this class of
bacteria presents a barrier to penetration of the compound.
Moreover, treated E. coli were killed very effectively by
RWJ-49815 indicating that the targets of its action are present
in Gram-negative bacteria. The actual target(s) of the com-
pound in either class of microorganisms has not been firmly
established. Because the efficacy of growth inhibition by
RWJ-48915 and its analogs correlates directly with their ability
to inhibit kinase A activity, the target of RWJ-49815 action is
thought to be a two-component kinase. However, it cannot be
excluded that in vitro kinase A activity assays the efficacy of
inhibition at a site on kinase A shared with another nonkinase
protein whose inhibition would prevent growth. The resistance
emergence studies presented here could be interpreted as
indicating that RWJ-49815 inhibits more than one essential
target. Multiple targets could diminish resistance emergence
from target modification but not from nontarget-based mech-
anisms of resistance such as inhibitor exclusion.

RWJ-49815 is a potent inhibitor of the autophosphorylation
reaction of kinase A. The probable target for this inhibitor is
some feature of the ATP-binding site of the kinase because
inhibition is competitive with respect to ATP. This site is one
of the two major common features of all of the two-component
kinases, and the motifs that constitute this site are unique from
most other known kinases. Therefore, it is not surprising that
a broad-spectrum inhibitor of autophosphorylation in two-
component kinases such as RWJ-49815 would be directed
toward the site. The previously described compounds with
antikinase activity that are structurally different from RWJ-
49815 also are directed toward the ATP-binding region (27).
This type of ATP-binding site also is found in the serine
protein kinases of antisigma factors in B. subtilis (40). Serine
protein kinases unlike two-component kinases do not use a
histidine phosphate intermediate. A family of serine protein
kinases with similar characteristics are found in mitochondria
in which they phosphorylate a-ketoacid dehydrogenase com-
plexes to regulate their activity (41, 42). Development of
RWJ-49815 and its derivatives as therapeutics will require
consideration of the consequences of potential inhibition of
these mitochondrial enzymes.

RWJ-49815 and its derivatives are the first series of bacterial
two-component system inhibitors with bactericidal activity
against Gram-positive pathogens. Their spectrum of activity
includes methicillin-resistant S. aureus, vancomycin-resistant
enterococci, and penicillin-resistant S. pneumoniae. Although
RWJ-49815 is bactericidal, even inhibitors of two-component
systems that are not bactericidal may prove to be valuable

FIG. 6. (A) Concentration-dependent effect of RWJ-49815 on the
growth rate of E. coli strain OC3047 harboring the Taz-1 two-
component system and reporter gene. Concentrations of RWJ-49815:
(E) mM; (L) 1 mM; (h) 2 mM; (x) 4 mM; (1) 8 mM; (F) 16 mM; (l)
32 mM; (■) 64 mM; and (�) 128 mM. Bacteria incubated with
concentrations of RWJ-49815 up to 4 mM had mean generation times
of 56 min that were indistinguishable from the no-drug control.
Bacteria incubated with 8 mM RWJ-49815 had a doubling time of 67
min. (B) Effect of RWJ-49815 on the Taz-1 induction of b-galacto-
sidase.

Microbiology: Barrett et al. Proc. Natl. Acad. Sci. USA 95 (1998) 5321



adjunct therapeutic agents. For example, high-level vancomy-
cin resistance (VanA phenotype) in enterococci is regulated by
the VanR–VanS two-component system, the inhibition of
which should render the microorganism again sensitive to
vancomycin (43). Other examples of two-component system-
dependent antibiotic resistance are known (44). It seems likely
that inhibition of these signal transduction mechanisms will
find many and varied uses as part of the arsenal against
infectious disease.

We thank M. Inouye for kindly providing the strains used in the
Taz-1 assay and H. Krause for technical assistance in part of this work.
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